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In the canonical pathway, activated GPCRs promote the exchange of GDP for GTP on their cognate heterotrimeric (Gαβγ) G proteins. In the GTP-bound state, Gα-GTP and Gβγ dissociate and activate downstream effector enzymes and ion channels.
Gα subunits possess intrinsic GTPase activity, which inactivates the G protein and returns the cascade to the inactive state. In most G-protein pathways, GTP hydrolysis is accelerated by a family of GTPase activating proteins (GAPs) named regulators of G protein signaling (RGS). The RGS homology (RH) superfamily consists of more than 30 mammalian RGS and RGS-like family members (Ross and Wilkie, 2000; Hollinger and Hepler, 2002) . Some RGS proteins consist of little more than the RGS domain, whereas others have multi-domain architecture and bind other signaling molecules. RGS proteins have other functions in addition to GAP activity, and may act as scaffolding proteins, effector modulators, and interact directly and selectively with GPCRs and ion channels (Schiff et al., 2000; Willars, 2006; Abramow-Newerly, et al., 2006; McCoy & Hepler, 2009; Posokhova et al., 2010; Orlandi et al., 2012) . RGS proteins have been proposed as pharmacological targets because they have a discrete expression profile, can specifically be recruited by activated GPCRs to modulate signaling and selectively regulate Gi and/or Gq proteins (Roman and Traynor, 2011) .
The R7 family of RGS proteins includes RGS6, 7, 9, and 11. In addition to the RGS domain, R7 family members have three other domains: G γ -like (GGL), DEP (first identified in Disheveled Egl-10 and Pleckstrin), and DEP helical extension (DHEX). The GGL domain is responsible for the obligatory interaction with the unique G protein β subunit Gβ5 (Cabrera et al., 1998; Snow et al., 1998; Levay et al., 1999; Witherow et This article has not been copyedited and formatted. The final version may differ from this version. , 2000) . Dimerization protects the protein from rapid degradation, and the knockout of Gβ5 results in the loss of measurable amounts of all R7 RGS proteins (Witherow et al., 2000; Chen et al., 2003) . The DEP domain is required for membrane localization of R7
RGS proteins, where it interacts with R7BP (Drenan et al., 2005; Martemyanov et al., 2005; Jayaraman et al., 2008) . The DEP domain also interacts with Gβ5 (Narayanan et al., 2007; Cheever et al., 2008 ) and a selected group of GPCRs (Kovoor et al., 2005; Cao et al., 2009; Sandiford and Slepak, 2009, Orlandi et al., 2012) .
R7 proteins exhibit GAP activity towards Gt and Gi/o, but not Gq family G proteins (Hooks et al., 2003) . In transfected CHO-K1 cells, Gβ5-RGS7 attenuates M3R-induced Ca 2+ signaling (Witherow et al., 2000; Narayanan et al., 2007) . The action of Gβ5-RGS7 on Gq-mediated Ca 2+ signaling is selective for the M3R, as the complex had no effect on several other Gq-coupled GPCRs (Sandiford and Slepak, 2009 ). This inhibition is not dependent on the GAP function (RGS domain) of RGS7, but instead is mediated by direct interaction via the DEP domain of RGS7 and the 3 rd intracellular loop of M3R (M3i3) (Sandiford and Slepak, 2009) ; the carboxy-terminal tail of the receptor and Gβ5 also appear to participate in the interaction (Sandiford et al., 2010) . M3R is known to stimulate both Ca 2+ release from intracellular stores and influx from the extracellular space (Parekh and Brading, 1992; Carroll and Peralta, 1998 Western blot analysis. Antibodies against the DEP domain of RGS7 were raised by immunizing rabbits (Cacalico Biologicals, Inc) with recombinant DEP domain, amino acids 37-112. The DEP domain construct was generated by PCR amplification of nucleotides 443-668 with the addition of a 6xHis on the 5' end. Then, the PCR product was inserted at BamHI and EcoRI sites of the pGEX-2T vector (GE Healthcare), which has GST tag and a thrombin cleavage site upstream of the ORF. The GST-DEP-6xHis
protein was expressed E. coli and purified by glutathione chromatography as previously described (Narayanan et al., 2007) . Next, fusion protein bound to glutathione beads was incubated with thrombin at room temperature for 4 h with a thrombin to fusion protein ratio of 1:500 in thrombin cleavage buffer (50 mM Tris, 150 mM NaCl, 2.5 mM CaCl 2 and 0.1% 2-mercaptoethanol, pH 8.6). The supernatant was collected and DEP-6xHis
was purified by Ni-NTA resin chromatography (GE Healthcare) as described in (Crowe et al., 1994) , and the resulting eluate used for immunization. The final bleed was used cells independent of its GAP activity (Narayanan et al., 2007; Sandiford and Slepak, 2009; Sandiford et al., 2010) . To understand the mechanisms underlying Gβ5-RGS7-mediated inhibition of M3R, we examined the effects of Gβ5-RGS7 on two routes of Ca 2+ entry into the cytoplasm: influx across plasma membrane and release from intracellular stores. We also compared the influence of Gβ5-RGS7 on signaling elicited by different muscarinic agonists.
Effects of Gβ5-RGS7 on M3R-induced Ca 2+ influx and release.
To investigate the effect of Gβ5-RGS7 on the different routes of Ca 2+ entry, we first compared CCh-induced M3R activation in the presence and absence of extracellular Ca 2+ ( Fig. 1 ). We found that in the presence of extracellular Ca 2+ , cotransfection with Gβ5-RGS7 resulted in a 10-30% reduction in the amplitude of the Ca 2+ response (Fig. 1A ). In the absence of extracellular Ca 2+ , Gβ5-RGS7-mediated inhibition was much greater, consistently reaching 50-70% (Fig. 1B) . The stronger effect of Gβ5-RGS7 on the isolated release component (Fig. 1B ) compared to the total (Fig. 1A ),
suggested that Gβ5-RGS7 might have a positive effect on Ca 2+ influx.
To test this idea, we depleted intracellular Ca 2+ stores by treating cells with 10 µM ATP, which activates endogenous ionotropic and Gq-coupled purinergic receptors in CHO cells (Iredale and Hill, 1993; Marcet et al., 2004) without affecting the transfected M3 receptor (Fig. 2) . As expected, ATP-pretreated cells did not respond to CCh in Ca 2+ -free medium ( Fig. 2A) , demonstrating complete depletion of Ca 2+ stores. After
This article has not been copyedited and formatted. The final version may differ from this version. (Wuest et al., 2007) . We tested the effect of the TRP channel inhibitor 2-APB and the L-type Ca 2+ channel blocker nifedipine on M3R-stimulated Ca 2+ influx (Fig. 3 ).
2-APB blocked Ca 2+ influx by more than 90% irrespective of the presence of Gβ5-RGS7
( Fig. 3A, B ). In contrast, nifedipine had little effect on M3R-stimulated influx in the This article has not been copyedited and formatted. The final version may differ from this version. and that Gβ5-RGS7 selectively enhances the activity of a nifedipine-sensitive Ca 2+ channel(s).
Since nifedipine inhibits the positive effect of Gβ5-RGS7 (Fig. 3A , C), we used a voltage-sensitive fluorescent dye assay (Baxter et al., 2002) (Fig. 4) to investigate whether Gβ5-RGS7 had an effect on M3R-stimulated changes in membrane potential.
As is evident from the reduction of the fluorescence signal, at CCh concentrations below 10 µM, M3R activation caused hyperpolarization, and addition of Gβ5-RGS7 had no effect ( Fig. 4A-C) . However, at CCh concentrations above 10 µM, M3R activity caused a notable membrane depolarization, consistent with earlier reports (Carroll and Peralta, 1998) , and the Gβ5-RGS7 complex significantly attenuated this effect ( Fig. 4D-E ).
Considering that neurotransmitter in the synaptic cleft can reach millimolar concentration (Scimemi and Beato, 2009 ) and the differential effect of micro-and millimolar [CCh] on M3R signal transduction (Carroll and Peralta, 1998) , the effect of Gβ5-RGS7 on depolarization at 0.01-1.0 mM CCh (Fig. 4F ) is interesting and deserves further investigation.
The action of Gβ5-RGS7 involves Gq, but not Gi.
It is well established that M3R couples to Gq, however there are a few reports which suggest it can also couple to Gi (Offermanns et al., 1994) . To rule out the This article has not been copyedited and formatted. The final version may differ from this version. (Dickenson and Hill, 1996) , it had no effect on M3R-stimulated Ca 2+ influx in the presence or absence of Gβ5-RGS7 (Fig. 5B) . Consistent with this result, deletion of the RGS7 RGS-domain (RGS7 Δ RGS ) had no significant effect (p=0.08) on its ability to enhance M3R-stimulated Ca 2+ influx (Fig. 5C ). Next, we pharmacologically inhibited Gq with UBO-QIC, a cyclic depsipeptide also known as FR900359 (Zaima et al., 2013) .
This plant depsipeptide is closely related to the better described compound YM254890
from Chromobacterium sp, which blocks Gq signaling by direct binding to Gq and inhibition of GDP release (Takasaki et al., 2004) . UBO-QIC completely blocked the Ca 2+ response to M3R stimulation (Fig. 5D ). Together, these data confirm that the effect of Gβ5-RGS7 on M3R-induced Ca 2+ signaling is dependent on a Gq/11-but not Gimediated mechanism.
Sensitivity of M3R to Gβ5-RGS7 regulation is determined by distinct agonists.
Distinct muscarinic agonists are known to differentially activate Ca 2+ influx and release (Hishinuma et al., 1997; Schaafsma et al., 2006) . We investigated the effect of 7C) were affected by Gβ5-RGS7. As described above, Gβ5-RGS7 affected both influx and release induced by CCh (Figs. 1-2) .
Interestingly, pilocarpine-elicited responses were more sensitive to attenuation by Gβ5 -RGS7 compared to CCh (Fig. 8) . Gβ5-RGS7 reduced the E max for CCh (Fig. 8A) and pilocarpine (Fig. 8B) responses to 56% and 37% of M3R alone, respectively ( Table   1 ). The pilocarpine-elicited Ca 2+ signals were comprised of strong release and modest influx components (Fig. 9) . We found that Gβ5-RGS7 strongly attenuated pilocarpinestimulated release (Fig. 9B ), but had no measurable effect on influx (Fig. 9C ). These findings led us to initially hypothesize that sensitivity of M3R to the Gβ5-RGS7 complex is correlated with agonist efficacy. However, our experiment with McN-A-343, which has an even lower efficacy at M3R than pilocarpine, revealed a more complex relationship.
When we stimulated M3R with McN-A-343, instead of inhibiting the net Ca 2+ response, Gβ5-RGS7 augmented it (Fig. 10A) . The release component of the M3R response to
McN-A-343 was much smaller than to other tested compounds (Fig. 10B) .
Nevertheless, this small release component was still sensitive to Gβ5-RGS7 inhibition.
At the same time, Gβ5-RGS7 complex robustly enhanced Ca 2+ influx (Fig. 10C) , apparently resulting in the positive effect on the total Ca 2+ response elicited by McN-A-
343.
Together, these results ( Discussion.
Earlier work in our lab (Witherow et al., 2003; Narayanan et al., 2007; Sandiford and Slepak, 2009; Sandiford et al., 2010) demonstrated that the Gβ5-RGS7 complex attenuated M3R-dependent increases in intracellular [Ca 2+ ] i . It is well documented that activated M3R initiates both release from intracellular stores and influx across the plasma membrane (Felder et al., 1992; Parekh and Brading, 1992; Carroll and Peralta, 1998) . In this study, we experimentally isolated these constituents of Ca 2+ entry and found that the Gβ5-RGS7 complex inhibits the release pathway (Fig. 1B) , but augments Ca 2+ influx (Fig. 2C) . Apparently, this dual action produces a net negative effect on carbachol-stimulated increases in [Ca 2+ ] i observed in Fig. 1A and in our earlier studies (Narayanan et al., 2007; Sandiford and Slepak, 2009; Sandiford et al., 2010) . Ca 2+ release is mediated by the canonical pathway involving Gq, PLC-β, and the second messenger IP3, and the inhibitory action of Gβ5-RGS7 on M3R-stimulated Ca 2+ release may be explained by its competition with Gq for the receptor (Blin et al., 1995; Sandiford and Slepak, 2009) . Elucidating the role of Gβ5-RGS7 in M3R-stimulated Ca 2+ influx is more complex as it involves multiple channels that can be expressed and regulated in a cell-and even species-specific manner (Felder et al., 1992; Singer-Lahat et al., 1996; Wuest et al., 2007) . We began dissecting this pathway here by using G protein inhibitors and ion channel blockers (Figs. 3 and 5 ). Our assays utilizing PTX, the GAP-deficient RGS7 construct Gβ5-RGS7 blocker 2-APB show that both these types of channels participate in this pathway. While nifedipine had no significant effect on M3R-stimulated Ca 2+ influx, it reduced the response in the presence of Gβ5-RGS7 (Fig. 3A, C) . This finding indicates that Gβ5-RGS7 facilitates coupling of M3R to a nifidipine-sensitive channel. Since Gβ5-RGS7 did not influence M3R-induced changes in membrane potential at CCh concentrations below 10 µM (Fig. 4) , this channel does not appear to be voltage-dependent. Indeed, it has been shown that nifedipine can influence activity of channels other than the L-type family of VDCCs (Curtis and Scholfield, 2001).
M3R-stimulated Ca 2+ influx was nearly abolished by 2-APB regardless of the presence of Gβ5-RGS7 (Fig. 3D) 1988; Miura et al., 1996; Love et al., 1998; Yang and Berggren, 2006) . It has recently been demonstrated that Gβ5 is expressed in pancreatic islets (Wang et al., 2011; Nini et al., 2012) . Therefore, the positive effect on Ca 2+ influx identified in the CHO cell model could potentially explain the reduced plasma insulin and impaired ability to clear glucose in Gβ5 deficient mice (Wang et al., 2011 ).
In conclusion, we identified a dual effect of Gβ5-RGS7 on M3R stimulated Ca response (shown in Fig. 1A ), Ca 2+ release (Fig. 1B) and Ca 2+ influx (Fig. 2C) . This article has not been copyedited and formatted. The final version may differ from this version. 
